Abstract: Heat shock protein 70 (HSP70) is an important member of the heat shock protein family. It plays a key role in the process of protecting cells by facilitating the folding of nascent peptides as well as the cellular stress response. We isolated and sequenced a full-length HSP70 cDNA from planarian Dugesia japonica (designated Djhsp70) using rapid amplification of cDNA ends (RACE). Djhsp70 cDNA is highly homologous to other reported hsp70 family genes, and the deduced amino acid sequence shares several eukaryotic HSP70 family motifs. The length of the Djhsp70 ORF from planarian genomic DNA and cDNA was identical, which indicated the absence of introns in the Djhsp70 gene. Semi-quantitative RT-PCR was employed to detect the expression levels of Djhsp70 in response to stressors. Our results indicated that Djhsp70 was an inducible gene, expressed in response to temperature changes, amputation and starvation. Interestingly, the phylogenetic analysis of DjHSP70 supports the idea that planarians belong to a new phylogenetic position -Lophotrochozoans. This is the first molecular analysis of a heat shock protein gene in planarians.
Introduction
In response to external stressors, such as thermal stress, tissue trauma, heavy metal toxicity or inflammation, most organisms have been shown to express a set of highly conserved proteins (Schlesinger 1990; Song et al. 2006; Cheng et al. 2007) . The most studied of these stress-induced heatshock proteins (HSPs) are those of the approximately 70-kDa HSP70 multigene family (Karlin & Brocchieri 1998; Feder & Hofmann 1999) . According to their expression pattern, HSP70 family proteins can be classified as HSP70 and HSC70 (heat shock cognate 70). Generally, HSP70 is expressed at very low levels under normal condition, but is induced rapidly in response to various stressors. Conversely, HSC70 is actively expressed in normal cells, but does not change in response to stressors (Kiang & Tsokos 1998; Shim et al. 2006 ). However, recent evidence indicates that the general pattern of hsp70/hsc70 gene expression is variable in response to different types and conditions of stressors and also in different stages during development (Lakhotia & Prasanth 2002; Lo et al. 2004; Mahroof et al. 2005) .
Freshwater planarians are best known for their ability to regenerate complete animals from tiny fragments of their own bodies. Morgan (1898) showed that a fragment as small as 1/279 of a planarian could still regenerate a tiny animal. Therefore, planarians were considered to be "immortal under the edge of the knife". Another striking feature of planarians is that they show strong endurance under conditions of starvation (Newmark & Sanchez Alvarado 2002) . During periods of prolonged starvation, planarians can shrink to a size that is smaller than when it hatched from the egg capsule (∼1 mm). Once the food is available, the animals grow again until they reach their maximum size. In addition, planarians are very sensitive to thermal stress. They are usually distributed in mountainous regions, where the water temperature is less than 18 • C. For planarians Dugesia japonica, when the culture temperature is over 30
• C, they will lyse (unpublished observation). Recently, planarians have also been used as experimental animals in environmental toxicology and pharmacology (Pra et al. 2005; Rowlands & Pagan 2008) . It is remarkable how resilient the planarians are when challenged with various stressors. However, currently no reports address the roles of HSP70 in the adaptive stress response in planarians.
In this paper we identified the full-length hsp70 cDNA sequence and its deduced amino acid sequence from the planarian Dugesia japonica, and analyzed its expression in response to temperature changes, amputation and starvation. Based on the sequences of DjHSP70, we searched the Schmidtea mediterranea genome database (Robb et al. 2007) , and deduced the amino acid sequences of SmedHSP70. More interestingly, the phylogeny of planarian HSP70 further supported the idea that planarians require a new phylogenetic position -that of Lophotrochozoans (Carranza et al. 1997 ).
Material and methods

Animals
Planarians Dugesia japonica used in this study was collected from Tagang Reservoir, Xinxiang City, China. They were cultured in autoclaved tap water in the dark at 18
• C and fed once a week with fresh fish spleen. Animals used in all experiments were starved for at least 1 week, except for degrowing worms. Cut animals were regenerated in autoclaved tap water at 18
RNA extraction and Djhsp70 cDNA cloning Total RNA was extracted using Trizol reagent (Invitrogen, USA) and 2 µg RNA was used for reverse transcription. One pair of degenerate primers hsp70F 5'-CAGGAATTCAARCGYAAACAC-3' and hsp70R 5'-TTG GTCATKGCTCGYTCTCC-3' previously reported by Song et al. (2006) was used to amplify the partial fragment of hsp70 from planarian Dugesia japonica. The PCR program was as follows: 94 • C for 10 min. The PCR products were gel-purified and sequenced. Based on a known expressed sequence tag of Djhsp70 cDNA, Djhsp70 5'-RACE specific primer (5'-TCTTGTGTTTGCGCTTGAATTCCTG-3') and Djhsp70 3'-RACE specific primer (5'-GCTTGTGAACGCGCTAGA CGAACTC-3') were designed for rapid amplification of cDNA ends (RACE). Both 5'-RACE and 3'-RACE were carried out using a TaKaRa RACE cDNA amplification kit according to the manufacturer's instructions. The PCR products were gel-purified, ligated into the pUCm-T vector, and submitted for sequencing. The resulting sequences were verified and subjected to cluster analysis.
Homology analysis
The similarity analyses of nucleotide and protein sequences were carried out by using BLASTn and BLASTp at web servers of the National Center of Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/). The search for the homologue of Djhsp70 was conducted using the Schmidtea mediterranea genome database (http://smedgd.neuro.utah. edu/). The deduced amino acid sequence was analyzed with the Expert Protein Analysis System (http://www.expasy. org/). Multiple alignments of the HSP protein sequences were performed using software Dnaman 6.0 (http://www. lynnon.com/pc/framepc.html). A phylogenic tree was constructed using the programs of Clustal X 1.83 (http://www. clustal.org/) and Mega 3.1 (http://www.megasoftware.net/) based on the amino acid sequences of DjHSP70 and other known HSP70 sequences. Bootstrap analysis was used with 1,000 replicates to test the relative support for the branches produced by neighbor-joining analysis.
Amplification of ORF sequences from genomic DNA and cDNA Genomic DNA was extracted using TaKaRa genomic DNA extraction kit Ver.3.0 according to the manufacturer's instructions. A pair of specific primers, HindIII F: 5'-ACAAGCTTGCATGTCAAAAGGACCAGCAGTT-3' and XhoI R: 5'-CACTCGAGTTAGTCAACCTCCTCGATGG T-3', were designed for amplifying the ORF sequences of DjHSP70 using genomic DNA and cDNA as templates. The PCR program (Using PrimesStar HS DNA Polymerase from Takara) was carried out at 94 Semi-quantitative RT-PCR analysis of Djhsp70 mRNA expression The expression pattern of Djhsp70 mRNA in response to starvation, amputation and temperature changes was measured by semi-quantitative RT-PCR technique. A pair of specific primers, Djhsp70F (5'-CAGGAGTTCAAACGGAA ACACAAG-3') and Djhsp70R (5'-CGAGTCATGGCGCG CTCTCCTTCAT-3'), designed based on the Djhsp70 cDNA from our above work, was used to amplify Djhsp70 cDNA fragment of 625 bp. Two specific primers, Djef2F (5'-TTAATGATGGGAAGATATGTTG-3') and Djef2R (5'-GTACCATAGGATCTGATTTTGC-3') were used for control amplifications (Pineda et al. 2002) . The PCR program was carried out at 94
• C for 5 min, followed by 22 cycles of 94
• C for 30 s, 58
• C for 30 s, 72
• C for 1 min and a final extension step at 72
• C for 5 min. The PCR products were separated in 1.5% agarose gel and stained with ethidium bromide. The electrophoresis photograph was analyzed with Band Leader Application Version 3.0. The data obtained from RT-PCR analysis for the expression of Djhsp70 was subjected to one-way analysis of variance (one-way ANOVA). Differences were considered significant at P < 0.05.
Results
cDNA cloning and sequencing of the planarian Djhsp70 gene The PCR product amplified by the degenerate primers was about 626 bp, and its nucleotide sequence was significantly similar to other known hsp70s/hsc70s. Djhsp70 5'-RACE specific primer and TaKaRa 5'-RACE inner primer was used to amplify a fragment of 837 bp. Djhsp70 3'-RACE specific primer and TaKaRa 3'-RACE inner primer was used to clone a fragment of 1,087 bp containing polyA tail. A 2,066 bp nucleotide sequence representing the complete cDNA sequence of Djhsp70 gene was obtained by cluster analysis of the above three fragments.
Characterization of Djhsp70
The cDNA sequence of the Djhsp70 gene was deposited in GenBank (Benson et al. 2009 ) under the accession No. EU380241. The full-length cDNA of Djhsp70 is 2,066 bp, including a 5'-terminal untranslated region of 52 bp, a 3'-terminal untranslated region of 67 bp with a short polyA tail, and an ORF of 1,947 bp encoding a polypeptide of 648 amino acids with a predicted molecular mass of 71.18 kDa and theoretical isoelectric point 
Homology analysis of DjHSP70
A sequence homology search using BLASTn and BLASTp revealed that DjHSP70 has high homology with other eukaryotic HSP70/HSC70, of which 94% of that nucleotide sequence matches with that of hsp70 in Mytilus galloprovincials (GenBank accession No. AY861684) and Silurus meridianalis (EF406131).
The deduced amino acid sequence of DjHSP70 showed 85.49%, 85.49%, 86.00% and 85.52% identity with HSP70 of Homo sapiens (GenBank accession No. BC019816), Mus musculus (BC106193), Xenopus laevis (BC041201), Danio rerio (BC154755), respectively, but only 72.38%, 66.72% identity with that of Drosophila melanogaster (NM-169469) and Caenorhabditis elegans (NM-060084).
Based on the nucleotide sequence of Djhsp70, we searched the Schmidtea mediterranea genome database (Robb et al. 2007) , and obtained a homologue of 1,955 bp cDNA fragment (mk4.006767, designated Smedhsp70). This fragment contains an ORF of 1,944 bp encoding a polypeptide of 647 amino acids with a predicted molecular mass of 71.19 kDa and theoretical isoelectric point of 5.45. SmedHSP70 has 94.91% identity with DjHSP70 and also shares above eukaryotic HSP70 features (data not shown).
Based on the HSP70 of above and other inverte- brates such as hydra (Hydra vulgaris) (GenBank accession No. DQ286045) and sponge (Geodia cydonium; X94985), a phylogenetic tree was constructed (Fig. 2) . The planarian is most closely related to M. galloprovincials (both belong to Lophotrochozoa), and has a closer relationship to vertebrates. Not surprisingly, planarian was not clustered near D. melanogaster and C. elegans, because both belong to Ecdysozoa. The results displayed in the phylogenic tree were generally in agreement with the newly proposed taxonomy (Carranza et al. 1997 ).
The characteristic of Djhsp70 gene structure To clarify that Djhsp70 is an inducible hsp70 gene, we amplified the Djhsp70 ORF sequences from genomic DNA and cDNA respectively. The results showed that the lengths of both products were the same (Fig. 3) , which indicated the absence of introns in Djhsp70 gene. In fact, hsp70 genes are typically intron-less, while the hsc70 coding region is interrupted by several introns (Günther & Walter 1994; Molina et al. 2000) . For example, the flat oyster (Ostrea edulis) hsc70 DNA se- quence contains 5 introns (Boutet et al. 2003) . The absence of introns in stress-induced genes allows it to be rapidly induced avoiding post-transcriptional editing of the related mRNA. It can thus be effectively transcribed when splicing processes may be inhibited by stressful conditions.
Semi-quantitative analysis of expression levels of Djhsp70 in response to stressors
The most striking feature of HSP70 proteins is that they are induced by thermal stress; however, we were most greatly interested in understanding whether heat shock influences HSP70 expression in planarians. DjHSP70 mRNA levels in response to temperature changes were detected by semi-quantitative RT-PCR, using expression of DjEF2 mRNA as invariant control (Fig. 4) . We found that Djhsp70 expression in 10
• C culture condition was slightly higher than in 18
• C culture condition, but its expression levels were significantly increased when elevating the culture temperature to 30 Fig. 5 . Dynamic changes of Djhsp70 during early stage of planarian regeneration. Djhsp70 expression was detected at 12 h, 24 h, 36 h and 48 h following the cut by semi-quantitative RT-PCR. Four or more independent experiments were performed to evaluate the relative levels of Djhsp70 expression, and asterisks above the bars indicate the values significantly different from the control samples (P < 0.05). Fig. 6 . Expression of Djhsp70 in response to starvation. Animals starved for one week were used as control samples. Four or more independent experiments were performed to evaluate the relative levels of Djhsp70 expression, and asterisks above the bars indicate the values significantly different from the control samples (P < 0.05).
for 24 h. When gradually elevating the culture temperature to 32
• C for 48 h, planarians can still survive, with DjHSP70 mRNA levels nearly 2-fold higher than control levels (18 • C culture condition). We also verified that when planarians were transferred from 18
• C culture condition to 32
• C directly, they rapidly lysed in ∼4-5 hours. These thermal endurence experiments indirectly indicated that the induction of DjHSP70 expression can protect planarians from heat-induced damage.
Studies revealed that partial hepatectomy can stimulate the up-regulation of heat shock family proteins during liver regeneration (Xu et al. 1999; Guo et al. 2006) , We therefore hypothesized that direct tissue damage via cutting may be another factor that affects Djhsp70 expression. To test this hypothesis, we analyzed the dynamic changes of Djhsp70 expression at different time points following incision (Fig. 5) . The results revealed that Djhsp70 expression increased apparently at 12 h after the cut, and remained elevated above controls during the early stages of planarian regeneration.
In order to determine whether starvation influences the HSP70 expression in planarian, we examined the Djhsp70 mRNA changes at different time points after initiation of starvation. Results showed that Djhsp70 expression had no significant difference from the control samples after 15 days starvation. After 30 days starvation, the expression increased gradually, and maintained relatively high levels during de-growth. Interestingly, Djhsp70 expression decreased drastically in the re-fed (RF) animals after 60 days starvation, suggesting that prolonged starvation can induce up-regulation of Djhsp70 (Fig. 6 ).
Discussion
As one of the most conserved genes during evolution, hsp70s are found universally from bacteria to human. However, this important gene has been ignored in planarians, that are interesting because of their regenerative capabilities. Here, we first determined the fulllength hsp70 cDNA from planarian Dugesia japonica. The deduced amino acid sequence of DjHsp70 possesses several highly conserved functional motifs (Fig. 1 ) characteristic of the HSP70/HSC70 family (Shim et al. 2006) , such as three conserved signatures, the putative ATP-GTP binding motif, the non-organellar consensus motif, and a putative bipartite nuclear localization signal involved in the selective translocation of HSP70 into the nucleus (Knowlton & Salfity 1996) . The EEVD sequence at the end of the protein is strictly conserved and shared within the HSP70 family. Scheufler et al. (2000) have shown that this peptide is recognized by TPR domains of HOP, an adapter protein that mediates the association of HSP70 and HSP90 into a multichaperone complex. In addition, we verified that Djhsp70 gene structure had no introns, which is characteristic of inducible hsp genes. Taken together, these observations strongly suggest that the isolated sequence corresponds to a heat inducible Djhsp70 gene.
Interestingly, the phylogenetic relationship of DjHSP70 (Fig. 2) shows that planarians are most closely clustered to molluscs, next to vertebrates, but far from D. melanogaster and C. elegans. Despite our updated understanding that planarians are classified with the Lophotrochozoa (together with annelids and molluscs, a sister group to the Ecdysozoa which include D. melanogaster and C. elegans), the traditionally belief that planarians are one of the most simplest Bilate-ria still remains. Therefore, the acquisition of Djhsp70 cDNA provides another evidence to support the new taxa of planarians.
In most organisms, HSP70 proteins are induced by thermal stress. Early experiments showed a close correlation between induction of these proteins and induction of tolerance to high temperature (Buckley et al. 2001) . Heat-inducible forms of HSP70 play a central role in stress tolerance by promotion of growth at moderately high temperature and/or protecting organisms from death at extreme temperature (Welch 1992) . The most favorable living temperature of planarians is 18-20 • C; when the culture temperature is elevated, they lyse easily. If the culture temperature is gradually elevated, however, planarians can endure 32
• C, even 33
• C for 24 h. However, acute thermal stress is lethal to planarian. We detected the expression levels of Djhsp70 mRNA in 30
• C and 32
• C culture condition, with results indicating (Fig. 4 ) that its expression level is much higher than in 18
• C. This response behavior is similar to that observed for other organisms (Piano et al. 2005; Cheng et al. 2007 ). In addition, tissue trauma can induce the HSP70 up-regulation (McMurtry et al. 1999; Hashiguchi et al. 2001) . Our results showed that Djhsp70 mRNA expression increased rapidly following the amputation (Fig. 5) , which was consistent with previous reports (Xu et al. 1999 ). These results indicate that HSP70 is induced by thermal stress and tissue trauma, and therefore may play an important role in injury healing.
In yeast and many mammalian cells, autophagy is an important mechanism to destroy cellular components to recover energy supplies under starvation condition (Kim & Klionsky 2000; Levine & Klionsky 2004) . During this process, the autophagosomes bind to lysosomal lumen; the unfolding of the sequestered proteins as well as the transportation of targeted proteins all require the participation of HSP70/HSC70 family proteins (Brown et al. 2000; Agarraberes & Dice 2001; Wang & Klionsky 2003; Majeski & Dice 2004) . Interestingly, our results showed (Fig. 6 ) that Djhsp70 mRNA level was increased during de-growth in planarian, which was very consistent with other reported findings in autophagy (Cuervo et al. 1995) . Is DjHSP70 also involved in autophagy during de-growth in planarians? To answer this question, more original works, such as the subcellular location of DjHSP70, the substrate proteins of DjHSP70 as well as the identification of autophagy-related genes, will be necessary to do in the future.
In this study, we successfully cloned a full-length hsp70 cDNA from the freshwater planarians Dugesia japonica for the first time, and verified that it was a heat-inducible Djhsp70 gene without the introns. Using semi-quantitative RT-PCR, we found its expression levels was upregulated in response to stressors. At the very least, our work will contribute to the use of HSP70 as a biomarker to investigate stress responses in planarians.
